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HYBRD ROBOT MOTION TASK LEVEL 
CONTROL SYSTEM 

BACKGROUND OF THE INVENTION 

The present invention relates generally to robot control 
lers and, more particularly, a hybrid control System for 
controlling the movement of a robot in the neighbor of and 
at kinematic Singular configurations. 
A robot task is usually described in its task Space. The 

direct implementation of a task level controller can provide 
Significant application efficiency and flexibility to a robotic 
operation. Implementation of the task level controller 
becomes even more important when robots are working 
coordinately with humans. The human intuition on a task is 
always represented in the task Space. However, the major 
problem in the application of the task level controller is the 
existence of kinematic Singularities. While approaching a 
Singular configuration, the task level controller generates 
high joint torqueS which result in instability or large errors 
in task Space. The task level controller is not only invalid at 
the Singular configuration, but also unstable in the neigh 
borhood of the Singular configuration. Therefore, a myriad 
of methods have been proposed to solve this problem. 

For instance, the Singularity-Robust Inverse (SRI) 
method was developed to provide an approximate Solution 
to the inverse kinematics problem around Singular configu 
rations. Since the Jacobian matrix becomes ill-conditioned 
around the Singular configurations, the inverse or pseudo 
inverse of the Jacobian matrix results in unreasonable 
torques being applied by a task level controller. Instead, the 
SRI method uses a damped least-squares approach (DLS) to 
provide approximate motion close to the desired Cartesian 
trajectory path. The basic DLS approach has been refined by 
varying the damping factors to improve tracking errors from 
the desired trajectory path. By considering the Velocity and 
acceleration variables, the SRI method can be further 
improved to reduce the torque applied to individual joints 
and achieve approximate motion. By allowing an error in the 
motion, the SRI method allows the robot to pass close to, but 
not go through a singularity point. It can be shown that Such 
a System is unstable at the Singular points. This means that 
robot movement can not start from or can not actually reach 
the singularity points. Obviously, this creates difficulties for 
many robot applications. 

In another instance, a path tracking approach augments 
the joint Space by adding virtual joints to the manipulator 
and allowing Self motion. Based on the predictor-corrector 
method of path following, this approach provides a Satis 
factory Solution to the path tracking problem at Singular 
configurations. Timing is not considered at the time of 
planning and it is reparameterized in Solving the problem. 
However, when a timing is imposed on the path, it forces the 
manipulator to Slow down in the neighborhood of Singular 
configurations and to Stop at the Singular configuration. 

The normal form approach provides a Solution of inverse 
kinematics in the entire joint Space. With appropriately 
constructed local diffeomorphic coordinate changes around 
the Singularity, the Solution of inverse kinematics can be 
found and then transformed back to the original coordinates. 
All joint Space Solutions are obtained by gluing together the 
regular and the Singular piece. The normal form method is 
heavily computationally involved. In addition, it is experi 
mentally difficult to implement it in real-time. 

Finally, a time re-Scale transformation method for design 
ing robot controllerS also incorporates the dynamic poles of 
the system. This method achieves slow poles in the vicinity 
of a Singularity configuration and fast poles in the regular 
area. It can be shown that this method results in Similar error 
dynamics as found in the SRI method. 
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2 
Therefore, it is desirable to design a hybrid robot motion 

control System which is stable in the entire robot WorkSpace 
including at the Singularity configurations. Based on the 
analysis of the Singular configurations of nonredundant 
robot manipulators, the robot WorkSpace is divided into 
Subspaces by the Singularity configurations. In different 
Subspaces, different continuous robot controllers could be 
used. A hybrid System approach is used to integrate different 
continuous robot controllers and Singularity conditions are 
adopted as Switching conditions for discrete control. With 
the hybrid motion control System, a robot can pass by 
Singular configurations and achieve a stable and continuous 
motion in the entire WorkSpace. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a hybrid control 
System is provided for controlling the movement of a robot. 
The hybrid control System includes a singularity detector; a 
task level controller that receives a motion plan and deter 
mines a first Set of control commands which are defined in 
a task Space; and a joint level controller that receives the 
motion plan and determines a Second Set of control com 
mands which are defined in a joint Space. The Singularity 
detector monitors the movement of the robot and detects 
robot movement in a region about a singularity configura 
tion. When robot movement occurs outside of this region, 
the task level controller is operable to issue the first set of 
control commands to the robot. When the robot movement 
occurs inside of this region, the joint level controller is 
operable to issue the Second set of control commands to the 
robot. In this way, the hybrid control system of the present 
invention ensures feasible robot motion in the neighborhood 
of and at kinematic Singularity configuration. 

For a more complete understanding of the invention, its 
objects and advantages, reference may be had to the follow 
ing Specification and to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a hybrid motion control 
System in accordance with the present invention; 

FIG. 2 is a diagram illustrating an exemplary robot 
WorkSpace about a singular configuration in accordance with 
the present invention; 

FIG. 3 is a block diagram of a first preferred embodiment 
of the hybrid motion control system of the present invention; 
and 

FIG. 4 illustrates a typical Switching Sequence for the 
hybrid control System of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

A hybrid control system 10 for controlling the movement 
of a robot 20 is shown in FIG.1. The hybrid control system 
generally includes a singularity detector 12, a task level 
controller 14, and a joint level controller 16. In operation, a 
motion plan (or trajectory plan) is received by the task level 
controller 14 and the joint level controller 16. In response to 
the motion plan, the task level controller 14 determines a 
first Set of control commands which are defined in a task 
Space; whereas the joint level controller 16 determines a 
Second Set of control commands which are defined in a joint 
Space. 
The singularity detector 12 monitors the movement of the 

robot 20 and detects robot movement in a region about a 
Singularity condition. When robot movement occurs outside 
of this region, the task level controller 14 is operable to issue 
the first set of control commands to the robot 20. When the 
robot movement occurs inside of this region, the joint level 
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controller 16 is operable to issue the second set of control 
commands to the robot 20. In this way, the hybrid control 
system 10 of the present invention ensures feasible robot 
motion in the neighborhood of and at kinematic Singularity 
conditions. A more detailed description for the hybrid con 
trol system 10 of the present invention is provided below. 

The dynamic model for a nonredundant robot arm can be 
written as 

where q is the 6x1 vector of joint displacements, u is the 6x1 
vector of applied torques, D(c) is the 6x6 positive definite 
manipulator inertia matrix, c(qq) is the 6x1 centripetal and 
coroilis terms, and g(q) is the 6x1 vector of gravity term. 

For a robot task given in joint space, denoted by q',q'd 
a joint level robot controller in joint Space can be derived by 

where K and Ke, are feedback gain matrices. Given 
e1=q'-q-ee-q'-q, the error dynamics for this controller 
can be described by 

It is Straightforward to show that this System is asymptoti 
cally stable for appropriate gain matrices K.K. Regard 
less of the current robot configuration, the System can track 
any reasonable trajectories given as q',q'd''. 

However, a robot task is generally represented by desired 
end-effector position and orientation. Therefore, it is desir 
able to provide a robot controller that operates in task space. 
To develop a task level controller, the above dynamic robot 
model needs to be represented in the form of task level 
variables. Let Yest be a task space vector defined by 
Y=(x,y,z, O.A.T)", where (x,y,z) denotes the position of the 
end-effector and (O.A.T)' denotes an orientation represen 
tation (Orientation, Attitude, Tool angles) of the end-effector 
in the task Space. The relationship between the joint Space 
variable q and task Space variable Y can be represented by 

f 

J21 J22 
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4 
where J is called the OAT Jacobian matrix and Y=Jg. 
Given a desired path in task Space, Ydlyd Ya, the task level 
robot controller in task Space can be described by 

where e=Y-Y and e=Y-Y. Accordingly, the error 
dynamics in task space can be described as e=e, and 
e=-Keel-Kvae. It can also be shown that this system is 
locally asymptotically stable for appropriate gain matrices 
Kp, Kva. 
A comparison of the joint level controller and the task 

level controller shows that the operation of the task level 
controller depends on the existence of J. whereas the joint 
level controller does not. If the determinant of J is very 
small or zero, then the determinant of J' could be very 
large which in turn will result in very large joint torques. 
Robot configurations where det(J)=0 are referred to as 
Singular configurations. Robot Singular configurations and 
their corresponding analytical Singularity conditions are 
therefore obtained based on an analysis of the Jacobian 
matrix. 

For a six degrees of freedom robot manipulator having a 
three degrees of freedom forearm and a three degrees of 
freedom spherical wrist, the Jacobian matrix, J., is a 6x6 
matrix. While the following description is provided with 
reference to a Six degrees of freedom robot manipulator, it 
is readily understood that the present invention is applicable 
to other types of robot manipulators. 
With regards to the Six degrees of freedom manipulator, 

the Jacobian matrix may be decoupled in Such a way that the 
Singular configurations resulting from arm joint angles and 
wrist joint angles are Separated. AS will be apparent to one 
skilled in the art, the Jacobian matrix, J., could be decoupled 
into: 

I | I. TO I O J J J22 
U O 

dw 
O I O 

So SA CoSA 1 

- CA O d6 ek -d6 ei 
| - - c, -S, O, U = -d, et O d6 e: , 

-: °o O d6 ei -de, ei O 
CA CA 

O -dS23 - a 2 - a 3c23 -d-S23 - as C23 

Such that S, and c, Stand for sin(q) and coS(q), respectively, 
and a2, add are indicative of robot joint parameters. 
Since I and U are not singular, the Singularity analysis can 
be obtained by checking J. Further assessment of J reveals 
that J involves only qqaq which correspond to the arm 
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joints and J22 involves only qqs,q which correspond to the 
wrist joints. Singular configurations caused by J=0 are 
called arm Singularities and Singular configurations caused 
by J=0 are called wrist Singularities. 
Since the determinant of J is (d. 

es-assa)(disast-a2c2+ase23), two singular configurations can 
with the arm joints. A boundary Singular configuration 
occurs when Y=dic-ass=0. This situation occurs when the 
elbow is fully extended or retracted. An interior Singular 
configuration occurs when 

On the other hand, a wrist singularity can be identified by 
checking the determinant of the matrix J. The wrist 
Singularity occurs when two wrist joint axes are collinear. 
The corresponding Singularity condition is denoted by Y=- 
Ss=0. 

Each Singular condition corresponds to certain robot 
configurations in the WorkSpace of the robot. The WorkSpace 
of a robot is a complex volume calculated from the limit 
values of the joint variables. The WorkSpace can be 
described by two concepts: reachable WorkSpace and dex 
terous WorkSpace. A reachable WorkSpace is the Volume in 
which every point can be reached by a reference point on the 
end-effector of the manipulator. The dexterous WorkSpace is 
a Subset of the reachable WorkSpace and it does not include 
the Singular configurations and their vicinities. The dexter 
ous WorkSpace is therefore a volume within which every 
point can be reached by a reference point on the manipula 
tor's end-effector in any desired orientation. 

Unfortunately, the dexterous workSpace is not a con 
nected Space. It is separated into Subspaces by the Singular 
configurations. For example, the wrist Singularity condition 
can be Satisfied at almost any end-effector position. In the 
other word, almost at any point of the WorkSpace, there is an 
orientation of the end-effector which will lead to the wrist 
Singularity condition. A robot path may compose Several 
Segments in the dexterous SubspaceS as well as one or more 
Segments in the vicinity of a Singular configuration. In the 
dexterous Subspaces, there is no problem to control the robot 
at task level. However, when the robot task requires the 
robot to go from one dexterous Subspace to another dexter 
ous Subspace, the end-effector needs to go through the 
vicinity of a Singular configuration. At these configurations, 
the manipulator loses one or more degrees of freedom and 
the determinant of J. approaches Zero. In task Space, imprac 
tically high joint Velocities are required to generate a rea 
sonable motion. Thus, it is desirable to provide a hybrid 
robot motion control System to achieve a stable and con 
tinuous motion in the entire WorkSpace. 
To design Such a hybrid motion control System, the robot 

WorkSpace, S2, can be divided into two kinds of Subspaces: 
the dexterous Subspace, S2 and the Subspaces in the vicinity 
of Singular configurations as denoted by S2 and S2. The 
definition of S2 and G2 are given as follows: 

where B>C>0,B&C>0, B>C>0. In other words, the Sub 
Space denoted by S2 is an area closer in proximity to the 
Singular configuration than the Subspace denoted by G2. An 
exemplary robot WorkSpace in the vicinity of a Singular 
configuration, including each of the described Subspaces, is 
shown in FIG. 2. It is worth noting that S2US2US2=2 and 
S2? S2 ?h92=p. addition, a region, Ö, called the dwell region 
is defined in G2. The dwell region may be defined as 
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6 
A={qe RC,<Y,<C+8 and/or C.<Y.<Ca+8 and/or 
C.<Y,<C+ö}, where 6 is a constant greater than Zero. AS 
will be further described below, the dwell region is used to 
avoid chattering when Switching occurs between the Sub 
SpaceS. 

In Subspace S2, the inverse of J. always exists and thus 
the task level controller is effective in this subspace. In 
region S2, det J is very Small, and yet a feasible Solution of 
the inverse Jacobian can be obtained by using a pseudo 
inverse Jacobian matrix. As will be further described below, 
the task level controller can still be used after substituting J." 
for J', where J" is a kind of pseudo-inverse Jacobian 
matrix. However, as is known in the art, the task level 
controller based on pseudo-inverse Jacobian matrix will 
cause instability in Subspace S2. If a robot motion controller 
can not make the robot go through Singular Subspace S2, the 
Singular configurations greatly restricts the dexterous work 
space of the robot. Since the joint level controller works in 
the whole WorkSpace, it can be used to maintain System 
Stability and Smooth trajectory in Subspace S2. In accor 
dance with the present invention, the hybrid control System 
employs different controllers in different Subspaces in order 
to achieve Stable and continuous robot motion in the entire 
WorkSpace. 
A hybrid motion control System involves continuous and 

discrete dynamic Systems. The evolution of Such a System is 
given by equations of motion that generally depend on both 
continuous and discrete variables. The continuous dynamics 
of Such a System is generally modeled by Several Sets of 
differential or difference equations, whereas the discrete 
dynamics describes the Switching logic of the continuous 
dynamics. Thus, the task level controller and the joint level 
controller are the continuous controllers and the Singularity 
conditions Serves as the discrete Switching conditions 
between these continuous controllers. 
A general form of the hybrid robot motion controller is 

defined as follows. The continuous state variable is either 
joint angle, q, or the end-effector position and orientation, Y. 
The discrete state variables, denoted by mes' or me{mma, 
... m, represent the closeness to a singular configuration. 
The hybrid control system model of the robot can be 
described by 

and the hybrid robot motion controller is given by 

The dynamics, f, is governed by the Singularity condi 
tions. Depending on the current discrete State and the 
continuous States of the robot, f gives the next discrete State. 
t denotes that mGt) is piecewise continuous from the right. 
f discretizes the continuous States and Switches between 
local controllers. h(t) integrates the task level controller, the 
joint level controller and the discrete state m(t). As will be 
further described below, Max-Plus algebra is used to 
describe the discrete event evolution. It can provide an 
analytical representation of a discrete event System. 

In Subspace S2, the robot is in the neighborhood of 
Singular configurations where the direct inverse of the 
Jacobian matrix will result in large torques. Therefore, the 
hybrid motion control System of the present invention uses 
a modified task level controller in this Subspace. In 
particular, the modified task level controller employs a 
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pseudoinverse Jacobian matrix which is computed using a 
damped least Squares technique. A more detailed description 
of the modified task level controller is provided below. 
The inverse Jacobian J. can be decomposed into 

where 

J.-2, O J21 J22 

In the neighborhood of Singular configurations, J is ill 
conditioned. However, the inverse of J can be computed 
using a damped least Squares technique, thereby yielding 

J."=(J.J.--m, (t))".J., (1.4) 

where m(t) is a matrix of variable damping factors. The 
inverse of J that is based on J"is called J". 

m, defines the Switching conditions for the task level 
controller. It is a function of the Singularity conditions and 
can be represented by Max-plus algerbra. More specifically, 
the Max-Plus algebra is defined as m(t)est'." 
St.-9U{-o}, (D: max operation, and (): plus operation. 
Some exemplary opperations may include (but are not 
limited to) aeb=max{ab} and aG)b=a+b. It can be shown 
that {9t,":éPG)} is an idempotent and commutative semi 
field with zero element C=-OO and identity element e=0. 

Based on the analysis of the inverse of J, m, is defined 
as follows: 

where 

k; e O O O 0 0 O 

O keek, ee O O 0 0 O 
O O ki, e O O O O 

| 0 O O kee O O O 
O O O 0 0 O 

O O O 0 0 kee O 

where k=ko(1-Y/B), k,-ko(1-Y/B), and k=ko(1- 
Y/B). In other words m, (t) is a matrix of positive 
damping factors which depend on the closeness to the 
Singular configurations. Diag(v) denotes a matrix whose 
diagonal elements are vector, V, and the remaining elements 
are Zeroes. At a dexterous configuration, the diagonal ele 
ments of m, are Zeroes. In the vicinity of Singularity 
conditions, Some of the elements are nonzeroes and Some of 
the elements are Zeroes depending on the particular Singu 
larity condition. Accordingly, the task level controller of the 
hybrid control system can be synthesized by 

A stability analysis for the modified task level controller 
is presented below. By Substituting equation (1.5) into 
equation (1.2) and defining ei=Y-Y and e=Y-Y, the 
error dynamic for the task level controller can be described 
by: 

Ce2 
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8 
To analyze the stability of this system, the term J.J." is a key 
component. It can be simplified by the Singular value 
decomposition (SVD) of Jacobian matrix, J., as follows 

Therefore, equation (1.4) can be expressed by 

where vui=1,. . . .6 are orthonormal basis of IR: Oi=1, 
. . . .6 are the Singular values of J.; U and V are orthonormal 
matrices; and Xi=1,2 are diagonal. J.J." can then be sim 
plified as follows: 

k = J.J., 
2 2 2 2 

= diag o O O3 O Os O 
Oi + m1 O3 + m2 O + m3 O + m1 O +ms O+ mg 

By defining 

6 o 
kmin = min 2 

i=l Of +m; 

it can be seen that k becomes Smaller and Smaller when 
the robot configuration is approaching a Singular point. The 
Stability of controller in Subspace S2 and G2 will depend on 
k. In Subspace S2, k=I, the error dynamics in region G2. 
becomes 

Ce2 

(1.6) 

Accordingly, the modified task level controller is asymp 
totically stable in Subspace S2 for appropriate gain matrices. 
While in subspace S2, the error dynamics of the system 

can be described by 

Defining the candidate Lyapunov function of equation (1.6) 
S 

where K is positive definite matrix and u is positive constant. 
The derivative of the candidate Lyapunov Function can be 
derived by 

e2(k, Kville, 2+(1-km)-le. In V1 +u’= 
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-k....W rippi 

where K=Ke+uK-uI and u is chosen Such that Ka-ul 
and K are positive definite. 2 is the minimum singular 
Value of K and K-uI/K, which is positive. m is the 
bound of y-Jq. From the above derivation, it can be seen 
that the Stability depends on the value of k. In Subspace 
S20 k.m.-1, V is the negative definite and the System is 
asymptotically stable. In Subspace S21, k2 -(1-ki)m 
V1+u-0, the system is still asymptotically stable. However, 
in Subspace S22, the Value of k is close to Zero, k2 
(1-ko) mV1+us0, Such that System stability can not be 
ensured. 

In region S2, two observations can be made from the error 
dynamics. First, at the Singular points, because Some Singu 
lar Values in X2 are Zeros, the corresponding gains in gain 
matrices become Zeroes. ASSuming O, is zero, the "element 
of the simplified Jacobian matrix J can be written as: 

evil-ea, 

e=Yi- (Jq), 

Thus, it can be seen that the System is an open loop System. 
Though it can be proven the System is ultimately bounded, 
big errors in the task Space are expected when the measure 
ment of the Singular conditions are Small enough. When a 
wrist Singularity is met, the errors of O.A.T angles are very 
big. Accompanied with the errors in task Space, large joint 
Velocities are experienced which are unacceptable in most 
applications. 

Second, when the robot approaches close to Singular 
configurations, Such as in region S2, Some of the elements 
of k become very Small and the corresponding elements of 
the gain matrices also become Small. Though the System is 
Stable at this region, large task error is expected and output 
torque is reduced in certain directions. 
To achieve a stable control in region S2, a Switching 

control is needed Such that a joint level control can be 
enabled in G2. Two discrete variables, m, and ms, are 
defined to represent arm and wrist Singularities, respectively, 

where, m,(t) and ms(t) represent the values of m-, and ms 
before a time instances t, respectively, and C.C.C. Specify 
Subspace S2. Depending on the Values of Y.Y., and Y, m, 
and ms will determine which of the continuous controllers 
should be used in the hybrid control system. It is worth 
noting that in the dwell region, A, the values of m, and ms 
not only depend on Y.Y. and Y, but also depend on the 
previous value of m,(t) and ms(t). The dwell region, A, is 
introduced to avoid chattering in the Switching Surface. In 
other words, the Switching Surface for Switching into joint 
level control and Switching out of a joint level control is 
different. After the controller Switches into joint Space 
control, it can not Switch back to task Space control unless 
the robot reaches a larger region. This Strategy can effec 
tively avoid chattering. 
A Switching matrix, m2, is based on m-, and ms, as 

follows: 

1O 
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ins2(t) = O (m7 (t) B ms (t)) is 3 

This switching matrix is then used to form a hybrid motion 
control System. 

In Summary, the hybrid motion control system of the 
present invention can be represented by 

The system involves both continuous controllers and Switch 
ing controls as shown in FIG. 3. In operation, the Switching 
conditions are dependent on the closeness to the Singular 
configurations and the previous controller Status. When the 
robot approaches a singular configuration, the hybrid motion 
control System first uses damped least Squares to achieve an 
approximate motion of the end-effector. The hybrid motion 
control system will then Switch into joint level control if the 
robot reaches the Singular configurations. 

It is worth noting that the joint level control and task level 
control can coexist. This happens when m,-0 and ms=1. It 
means that the position is controlled at task level and the 
orientation is controlled at joint level. For a given task, 
Y={x.y.z.O.A.T., the desired position at the wrist 
center, denoted by {p,"p,"p.), can be obtained and taken 
as the desired value in the position control at task level. The 
orientation control will be obtained by controlling qqsq at 
joint level. The end-effector position and orientation can 
therefore be controlled separately. Control in task level and 
joint level will coexist in this situation. Since the wrist 
Singular configuration may happen at almost any end 
effector position, the Separated position control and orien 
tation control can ensure a relatively larger continuous 
dexterous WorkSpace for position control. 

In Subspaces S2 and S2, the robot task is represented in 
Cartesian Space. In region G2. however, the robot task needs 
to be transformed into joint space. Given Y in task space, 
joint level command q' needs to be calculated in Subspace 
S2. AS will be apparent to one skilled in the art, the normal 
form approach and equivalence transformation can be used 
to map the task from Cartesian Space to joint Space at 
Singular configuration. However, the normal form approach 
is highly computationally intensive. 

Alternatively, Since region S2 is very Small, the desired 
joint level command q can be obtained computationally as 
follows. At a singular configuration, Some of the joint angles 
can be obtained by inverse kinematics. For example, at a 
Wrist singular configuration, q', q', q-".qs' can be com 
puted from Y by the normal inverse kinematic approach. 
q" and q can be obtained computationally considering the 
current value of q and q. For each Singular configuration, 
only two of the joint commands can not be obtained by 
inverse kinematics. To compute these joint level commands, 
the following criteria are considered. 

where w and we are positive weight factors. 
The first constraint minimizes the deviation after the task 

is mapped into joint space, and tries to find a q' Such that the 
least joint movement is needed. It is worth noting that not all 
desired joint level command need to be calculated from the 
criteria. Only the joint angles that can not be obtained by the 
inverse kinematics are calculated using the criteria The 
values of Singular conditions YYY will determine the joint 
to be found by the optimization criteria. 
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The Second constraint ensures the planned joint Velocities 
are within the joint velocity limits. The path from q to q is 
planned based on the desired velocity obtained from the 
Second constraints. The continuity of joint Velocities and 
task level Velocities are considered in the planning. At joint 
level, the initial velocity for every joint is the joint velocity 
prior to Switching. 

Next, the hybrid motion control system of the present 
invention is shown to be stable when switching between the 
task level control and joint level control. The difficulty at 
proving the stability of the hybrid motion control system lies 
in that the State variables in the error dynamics in joint Space 
and task Space are different. The errors in joint Space and 
task Space are defined as 

(eal (9-4 ( et ?y-y 
e = 8 d 8 8 d .. q2 of - d. x2 y" -y 

The error dynamics of the manipulator in joint Space can be 
written by 

ea-ea? 

ea-Kreal-Kvaea. (2.1) 

or e=f(e). The error dynamic in the task space is 
Ce2 

or e=f(e). If the system switches between the two different 
controllers, the stability of the Switching system needs to be 
proven. Since the State variables in error dynamic models are 
different, the relationship between the state variables in 
models is derived first. 

It is easy to prove that y=h(q) and y=Jq are globally 
Lipschitz continuous in their defined domain. Thus the 
following relationship can be obtained 

where L and L are constants. In Summary, the following 
relation between joint Space error and task Space error can be 
obtained: 

|e, SLille 

where L is constant. Similar to the above inequality, the 
following relationship can also be obtained based on the 
Lipschitz continuity of the function q=h(y).q=Jy in 
S2OUG2. 

Therefore, the errors in joint Space and task Space Satisfy the 
following inequality in S2US2. 

Defining the Lyapunov function of System (2.1) and System 
(2.2) as 
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12 
Since the system (2.1) and (2.2) have been proven to be 
Stable individually, the Lyapunov functions Satisfy the 
inequalities 

alles V (e)s bille, 
8 V (e) 
8x f(e) s -Clell 

f(e) s -c2llel 

For an initial time to the following inequalities can be 
obtained. 

V (e...(to it)) ser'IV, (e.(to)) 
V(e...(toht))se 'V(e.(to)) 

where 2c/b0=ca/b are positive Scalars. Having Set forth 
the above equalities, the characteristic of the Lyapunov 
function under Switching can be Studied. 

In order to prove the hybrid control system is stable, it is 
essential to show that V is monotone decreasing at all odd 
number of Switch instances, titats ..., and V is monotone 
decreasing at all even Switching instances, tot,t, . . . A 
typical Switching Sequence for the hybrid control System is 
shown in FIG. 4. Based on this Switching Sequence, 

V (e.g(t)) is bille (t) is b1 Lalley(t) 
1 La 1 La e 2170 V (e.(to)) 

s e 12t1e-21 to V(e.(to)) 

From the above equalities, it can be seen that 

b2 Li, 

The values of 2 and 2 are related to the gain matrices 
K.K.K., and K. The gain matrices can be selected Such 
that V(e.(t))<V(e.(to)). Accordingly, the Switched System 
can be proven to be asymptotically stable as is known in the 
art. In the implementation of the controller, height gains and 
Sampling frequency are chosen to ensure appropriate 2.0. 
The role of Ö is to avoid chattering at Switching. In accor 
dance with the definition of a Dwell Region, the value of m, 
or ms can not be changed immediately. Only when robot 
configuration reaches another boundary from the current one 
can the value of m, or ms change. This avoids chattering. 
From a different point of view, 8 can also be designed to 
ensure V(e.(t))<V(e.(to)), thereby ensuring the Stability 
of the Switching mechanism. 
While the invention has been described in its presently 

preferred form, it will be understood that the invention is 
capable of modification without departing from the Spirit of 
the invention as Set forth in the appended claims. 
What is claimed is: 
1. A hybrid control system for controlling the movement 

of a robot, comprising: 
a singularity detector operable to monitor the movement 

of the robot and detect robot movement in a region 
about a singularity configuration; 
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a task level controller connected to the Singularity 
detector, the task level controller receptive of a motion 
plan and operable to issue a first Set of control com 
mands to the robot when robot movement occurs 
outside Said region, where the first Set of control 
commands are defined a task Space; and 

a joint level controller connected to the Singularity 
detector, the joint level controller receptive of the 
motion plan and operable to issue a Second Set of 
control commands to the robot when robot movement 
occurs inside Said region, where the Second Set of 
control commands are defined in a joint Space. 

2. The hybrid control system of claim 1 wherein the robot 
is operable at the Singularity configuration. 

3. The hybrid control system of claim 1 wherein the robot 
includes a manipulator having a plurality of joints and an 
end-effector, Such that the manipulator is operable to posi 
tion and orientate the end-effector within a reachable work 
Space. 

4. The hybrid control system of claim 3 wherein the 
Singularity detector is operable to monitor robotjoint param 
eters associated with Said plurality of joint, Such that the 
robot joint parameters are indicative of robot movement in 
the region about the Singularity configuration. 

5. The hybrid control system of claim 3 wherein the 
manipulator further includes a three degrees of freedom 
forearm and a three degrees of freedom spherical wrist. 

6. The hybrid control system of claim 5 wherein the 
Singularity configuration may be Selected from the group 
consisting of a boundary arm Singular configuration, an 
interior arm Singular configuration, and a wrist Singularity 
configuration. 

7. The hybrid control system of claim 1 wherein the task 
level controller is further defined by 

where u is a vector of applied torques, q is a vector denoting 
joint displacements of the robot; D is an inertia matrix for 
the robot; J is a Jacobian matrix which defines the rela 
tionship between the joint Space and the task Space, Y is a 
vector denoting the position and orientation of the end 
effector of the robot in task Space; YaYa Yd denotes a 
desired robot task expressed in task Space; K and K are 
feedback gain matrices; c(qq) is centripetal and coriolis 
terms, and g(q) is a gravity term. 

8. The hybrid control system of claim 1 wherein the joint 
level controller is further defined by 

where u is a vector of applied torques, q is a vector denoting 
of joint displacements of the robot; D(c) is an inertia matrix 
for the robot; q'd''..d" denotes a desired robot task expressed 
in the joint Space; Kv, and KP are feedback gain matrices; 
c(qq) is centripetal and coriolis terms; and g(q) is a gravity 
term. 

9. The hybrid control system of claim 1 wherein the task 
level controller operable to use a pseudoinverse jacobian 
matrix to determine the first Set of control commands along 
a boundary of Said region. 

10. A hybrid control system for controlling the movement 
of a robot manipulator, the manipulator having a plurality of 
joints and an end-effector, comprising: 

a singularity detector operable to detect movement of the 
manipulator in a first region proximate to a singularity 
configuration and further operable to detect movement 
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14 
of the manipulator in a Second region proximate to the 
Singularity configuration, where the Second region is a 
Subset of the first region; 

a task level controller connected to the Singularity 
detector, the task level controller receptive of a motion 
plan and operable to issue a first Set of control com 
mands to the manipulator when manipulator movement 
is outside of the first region, where the first set of 
control commands are defined in a task Space using an 
inverse Jacobian matrix; 

Said task level controller further operable to issue a 
Second set of control commands to the manipulator 
when manipulator movement is inside the first region 
but outside of the Second region, where the Second Set 
of control commands are defined in the task Space using 
a pseudoinverse Jacobian matrix; and 

a joint level controller connected to the Singularity 
detector, the joint level controller receptive of the 
motion plan and operable to issue a third set of control 
commands to the manipulator when manipulator move 
ment is inside Said Second region, where the third set of 
control commands are defined in a joint Space. 

11. The hybrid control system of claim 10 wherein the 
robot manipulator is operable at the Singularity configura 
tion. 

12. The hybrid control system of claim 10 wherein the 
Singularity detector is operable to monitor joint parameters 
asSociated with Said plurality of joint, Such that the joint 
parameters are indicative of manipulator movement proxi 
mate to the Singularity configuration. 

13. The hybrid control system of claim 10 wherein the 
pseudoinverse Jacobian matrix is computed using a damped 
least Squares technique. 

14. The hybrid control system of claim 10 wherein the 
task level controller is further defined by 

where u is a vector of applied torques, q is a vector denoting 
joint displacements of the manipulator; D(c) is an inertia 
matrix for the manipulator, J is a Jacobian matrix which 
defines the relationship between the joint Space and the task 
space; J." is the pseudoinverse Jacobian matrix;Y is a vector 
denoting the position and orientation of the end-effector in 
task Space; YaYa Yd denotes a desired robot task expressed 
in task Space; K and KP are feedback gain matrices; c(q, 
q) is centripetal and coriolis terms; and g(q) is a gravity term. 

15. The hybrid control system of claim 14 wherein the 
pseudoinverse Jacobian matrix, J", is further defined as 

where J is the Jacobian matrix, J." is a modified Jacobian 
matrix computed in accordance with a damped least Squares 
technique, and m(t) is a vector of variable damping factors. 

16. The hybrid control system of claim 15 wherein the 
variable damping factors are defined to be Zero when 
manipulator movement is out Side of the first region. 

17. The hybrid control system of claim 10 wherein the 
joint level controller is further defined by 

ul-D(q)(G'+K(G-q)+Ke(q-q)+c(qq)+g(q) 
where u is a vector of applied torques, q is a vector denoting 
of joint displacements of the manipulator, D(c) is an inertia 
matrix for the manipulator; q',q'd denotes a desired robot 
task expressed in the joint Space; Ky, and Ke, are feedback 
gain matrices; c(qq) is centripetal and coriolis terms; and 
g(q) is a gravity term. 
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18. A method for controlling the movement of a robot 
using a hybrid motion control System, comprising the Steps 
of: 

providing a robot manipulator having a plurality of joints 
and an end-effector, Such that the manipulator is oper 
able to position and orientate the end-effector within a 
WorkSpace; 

monitoring movement of the manipulator; 
detecting manipulator movement in a first region proxi 

mate to a singularity configuration associated with the 
manipulator; 

issuing a first Set of control commands to the manipulator 
when manipulator movement falls outside of the first 
region, where the first Set of control commands are 
defined in a task Space; and 

5 

16 
issuing a Second Set of control commands to the manipu 

lator when manipulator manipulator falls within the 
first region, where the Second Set of control commands 
are defined in a joint Space. 

19. The method of claim 18 further comprises the step of 
detecting manipulator movement in a Second region proxi 
mate to the Singularity configuration, where the first region 
is a Subset of the Second region. 

20. The method of claim 19 wherein the step of issuing a 
first Set of control commands further comprises using an 
inverse Jacobian matrix to determine the first set of control 
commands when manipulator movement falls outside of the 
Second region and using a pseudoinverse Jacobian matrix 
when the manipulator movement falls inside the Second 
region but outside of the first region. 

k k k k k 
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